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Transmembrane peptide helices play key roles in signal transduction across cell membranes, yet little is known about their high-resolution
structure or the role membrane composition plays in their association, structure, dynamics and ultimately their performance. Using magic angle
spinning (MAS) homonuclear dipolar recoupling experiments, the backbone structure at positions L10, L11, and A12 of the M2 ion channel
peptide was determined in two lipid systems. Their measurements are in agreement with M2 forming transmembrane helices, but the torsion
angles vary considerably from common α−helical values. These measurements show remarkable agreement with a previous computational model
of M2 peptides forming a pore domain in which their helices are kinked near the central leucine, L11 [R. Sankararamakrishnan, C. Adcock, M.S.P.
Sansom, The pore domain of the nicotinic acetylcholine receptor: Molecular modeling, pore dimensions, and electrostatics, Biophys. J. 71 (1996)
1659–1671]. The generation of high resolution data for transmembrane helices is of critical importance in refining structures for membrane protein
and developing models of helix packing interactions.
© 2007 Elsevier B.V. All rights reserved.Keywords: Solid state NMR; Ion channel peptides; Cholesterol; Backbone secondary structure1. Introduction
A fundamental question in understanding membrane protein
structure and dynamics is how proteins function in a given lipid
environment and/or alter that environment. Several elegant
strategies for making membrane protein samples amenable to
standard structural characterization have been developed, but
gaining insight into the structure and dynamics of membrane-
associated proteins in their native lipid environment is equally
important for understanding their functional mechanisms as
well as the importance of membrane fluidity, individual lipids,
fatty acids, and small molecules in protein function.
Although the complexity of biomembranes has long been
appreciated, a molecular level understanding of the structural
organization of lipids and the effects various lipid headgroups,
acyl chain length, fatty acid saturation and intercalation of small
molecules have in signaling, organization, protein trafficking,⁎ Corresponding author. Tel.: +1 352 846 1506; fax: +1 352 392 3422.
E-mail address: jrlong@mbi.ufl.edu (J.R. Long).
0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.10.012and membrane permeability is still unclear. Current research
areas in membrane biophysics include synthesis and trafficking
of cholesterol in mammalian cells [2], the formation and role of
detergent-resistant microdomains enriched in cholesterol and
sphingolipids, or “lipid rafts”, in membrane transport and
signaling [3], and the specific lipid requirements of membrane
proteins [4]. The prevalence and necessity of cholesterol and its
analogs in the plasma membrane of mammalian cells is
especially striking. Sterols are roughly equimolar to the total
amount of other lipids in the plasma membrane, while the
endoplasmic reticulum (ER) and mitochondria have very low
levels of sterol. The principal reason for the enrichment of the
plasma membrane with cholesterol is to render the bilayer less
permeable to small molecules, including antibiotics and ions.
Introduction of cholesterol has two main effects: (1) it
intercalates between the fatty acids and increases the compress-
ibility modulus of the membrane and (2) it orders the fatty acid
chains causing the hydrophobic region of the bilayer to thicken
significantly. In their landmark paper, Bretscher and Munro [5]
put forth the hypothesis that membrane proteins would be
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without transient cavities, thus requiring the endoplasmic
reticulum to be readily deformable and consequently choles-
terol-poor; the Golgi apparatus serves as a conduit by which
cholesterol is actively removed from the ER and targeted for the
plasma membrane.
The direct effects of overall membrane lipid composition on
protein structure and dynamics, either through changes in
bilayer physical properties such as variation in bilayer thickness
or elasticity due to the prevalence or absence of sterols and/or
changes in acyl chain saturation or through the formation of
microdomains (rafts), have not been fully elucidated at a
molecular level. Conceivably, altered membrane composition
could affect protein conformation and function by modifying
the average tilt of helices relative to the membrane normal, the
number of residues exposed to a hydrophobic environment, the
packing of amino acid sidechains, the average number of
residues per helical turn or backbone torsion angles, and
interactions between transmembrane helices. While several
recent studies of model transmembrane peptides in lipid
environments using fluorescence techniques [6–8], EPR [9],
and solid state NMR (ssNMR) [10–13] have shed some light on
this complex problem, much work remains to be done in this
area. The systematic examination of changes in peptide
structure and dynamics as a function of membrane environment
could provide direction for perfecting heterologous membrane
protein expression and will improve structure/function correla-
tions. Understanding how cholesterol alters membrane protein
packing interactions could impart insight into the regulation of
signal transduction at the molecular level. Elucidating the
relationship between changes in membrane composition — a
direct consequence of diet, obesity, and aging- and protein
function would have far-reaching impact in the treatment of a
panoply of diseases.
The nicotinic acetylcholine receptor (nAChR) belongs to a
protein superfamily of ligand gated ion channel receptors
important for signal transduction across plasma membranes
[14,15]. Through cryoelectron microscopy (cryo-EM) [16–18],
mutagenesis studies [19–21], and molecular dynamics simula-
tions [1,22–24], insights into structure/function relationships in
nAChR have been gained. The nAChR receptor consists of five
protein subunits, with each subunit containing four membrane-
spanning helices, referred to as M1 through M4. The M2
peptide segment is a highly conserved motif found in many
other ion channel receptors. Structural studies have found that
the M2 helices of each of the five subunit proteins assemble at
the pore interface of the ion channel [20]. Ligand-binding leads
to a conformational change in the orientation of the M2
transmembrane helices causing the channel to open [17]. The
activity of nAChR has been studied both in native membranes
as well as in membranes composed of synthetic lipids and/or
extracted lipids. Full-length, ligand-gated nAChR is inactive in
the absence of cholesterol (Chol) and dioleoylphosphatidic acid
(DOPA). Activity equivalent to the native form has been
measured for nAChR reconstituted into 3:1:1 egg phosphati-
dylcholine (EPC):DOPA:Chol [25–27]. The presence of
cholesterol in the reconstituted bilayer is found to be essentialfor nAChR ion gating [28], and membranes containing
unsaturated fatty acids inhibit activity [29]. Negatively charged
lipids are also necessary for optimal function [30]. An FTIR
study found that the conformational equilibria of nAChR in
native membranes are indistinguishable from those in 3:1:1
EPC: DOPA:Chol membranes [31].
Montal and coworkers [32,33] demonstrated the 23 amino
acid M2 segment of nAChR is capable of forming helical
bundles via self-assembly in lipid bilayers which can function
as voltage-gated, cation-selective ion channels. Using “tip-dip”
patch clamp experiments they were able to demonstrate ion
channel activity for M2 in model lipid bilayer systems which
formed a sufficiently stable bilayer for the electrophysiology
experiments. Subsequently, the M2 peptide was structurally
characterized via solution NMR in dodecylphosphocholine
(DPC) micelles and by ssNMR studies of the peptide recon-
stituted into oriented bilayers of 1, 2-dimyristoyl-sn-glycero-
phosphcholine (DMPC) [34,35]. These two approaches led to a
model of the M2 peptides forming pentameric bundles com-
prised of transmembrane α-helices with no kinks, and when the
peptides form a channel in DMPC, the individual helices are
tilted at an angle of 12° relative to the bilayer normal. However,
it should be noted the ssNMR technique utilized necessitates the
bilayers be highly oriented, a requirement which can be difficult
to meet and is lipid- and peptide-dependent [36]. Additionally,
several assumptions about peptide secondary structure, N–H
bond lengths, and 15N chemical shift anisotropies are made in
calculating the final structures [37,38].
In contrast to the NMR structures, molecular modeling
studies of the M2 peptide suggest the helix is kinked in the
vicinity of leucine 11 [1,22,23,39]. This residue is thought to
play a key role in the gating mechanism of the channel based on
mutagenesis studies and the fact it is highly conserved between
subunits and species. A bending motion at this position is in
agreement with cryo-EM studies of the full nAChR by Unwin
and coworkers comparing low-resolution EM studies of nAChR
in it closed and open states [17]. Moreover, the importance of
cholesterol and DOPA on nAChR function cannot be ignored.
Lipid composition could also have a marked effect on the
conformational equilibria of the M2 peptide. Using ssNMR
experiments described below, we can examine the backbone
conformation of M2 at high resolution and compare its structure
in 3:1:1 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine
(POPC):DOPA:Chol and in DMPC to monitor any changes in
structure as a function of membrane composition and thickness.
ssNMR is unique in its ability to measure in situ at atomic
level resolution the structure and dynamics of molecules in
insoluble complexes[40–43]. In ssNMR the spatial compo-
nents of the NMR interactions are no longer averaged to zero,
as they are in conventional solution NMR; these interactions
contain valuable information about the structure, dynamics,
and organization of molecules in a sample, but they also lead
to broad featureless spectra. In order to render the problem of
resolution tractable, it is necessary to remove or reduce the
anisotropic interactions by either orienting the molecules,
applying a strong and precisely controlled RF magnetic field,
mechanically rotating the sample about an angle (the so-called
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However, all the interactions of interest can then be brought
back through careful and creative choices of sample
conditions and pulse experiments to achieve detailed
measurements of the structure and dynamics of the molecules
in a sample at atomic resolution.
An approach in applying ssNMR to the study of membrane
proteins is to use mechanically or magnetically aligned
samples [34,44–46]. Structural restraints are derived from
observations of a range of anisotropic nuclear spin interactions
(e.g. chemical shifts and nuclear spin dipolar interactions)
from aligned samples that have a unique orientation with
respect to the applied magnetic fields. In these experiments,
multiple thin glass plates or liquid crystalline media (such as
bicelles) are used to macroscopically align protein or peptide
containing lipid bilayers [47–49]. This is the method that was
utilized in determining the structure of M2 in DMPC
mentioned above. By utilizing ssNMR experiments which
rely on MAS rather than macroscopic alignment of the
samples, the range of sample conditions which can be explored
is expanded considerably. Additionally, the conformational
equilibria of M2 at various residues in the peptide sequence
can be examined.
Most membrane proteins of interest, when maintained in a
biologically appropriate environment, are quite dilute. For
membrane protein samples, in the case of tractable proteins, a
lipid:protein ratio of 20 or 30:1 can be sufficient; quite often,
however, proteins can aggregate even at these concentrations
and higher levels of lipids must be used. Thus, for hydrated
samples a particular protein may comprise b1% by mass of the
sample and poses significant challenges for both sensitivity
and dynamic range since even unenriched lipids contain
significant amounts of natural abundance 13C spins. Nonethe-
less, with the increased sensitivity of high field ssNMR, it is
now feasible to have samples spanning the entire range of
physiologic values.
Selective isotopic enrichment allows significant improve-
ments in observing particular sites in a protein, but accurate
measurements still require careful subtraction of natural
abundance contributions from the rest of the protein as well
as the surrounding medium. Double-quantum filtered experi-
ments can successfully remove natural abundance signals,Fig. 1. Relationship between peptide structure and adjacent 13C′ spin interactions. On
in the context of a helix with its axis oriented vertically. On the right is shown the aobviating these corrections, and significantly improve the
accuracy of structural measurements [50–52]. Based on the
development of novel MAS ssNMR techniques which do not
rely on sample orientation, have high sensitivity, and filter out
natural abundance background signals, the only requirement for
structural studies of membrane associated peptides is isotopic
enrichment and a stable, high field solids-capable NMR
spectrometer.
Extracting peptide backbone secondary structure informa-
tion can be accomplished by measuring specific internuclear
spin interactions. NMR experiments that focus on internuclear
distances or the relative orientations of the dipolar interactions
[53–57] and/or relative chemical shift anisotropies (CSAs) [58–
66] of particular spin networks have been developed and
demonstrated to measure backbone secondary structure in
peptides and proteins. For systems in which no prior structural
information is available or which have a mixture of conforma-
tions, consideration of the labeling schemes and pulse
sequences applicable to a wide array of secondary structures
is required.
Recently we assessed the experimental accuracy and rele-
vance of using 13C′ (i)→ 13C′ (i+1) interactions to determine
backbone torsion angles (Fig. 1) [67]. This particular pair of
spins was chosen due to their ease of isotopic enrichment,
consistent relaxation and CSA characteristics, the sufficiently
large size of their interactions, and the lack of redundancy in
their relative CSA orientations over the allowed ϕ, ψ torsion
angle space [52,58,60,62,63,68]. Using the DQDRAWS
experiment (Fig. 2) to select 13C′ (i)→ 13C′ (i+1) interactions
offers a robust technique, even at high fields and with currently
achievable RF fields and spinning speeds, for examining these
interactions without detrimental effects to biological NMR
samples [69].
In these DQ-filtered pulse experiments, only 13C atoms
which are within 2–5 Å of other 13C atoms are detected (Fig. 3).
However, since we are introducing pairs of 13C′-enriched amino
acids, signals from the sites of interest remain strong. In fact, it
is the buildup of this signal which we monitor. Assuming
canonical bond lengths and bond angles, the distance between
the adjacent C′ atoms in the peptide backbone is solely
dependent on the torsion angle φ. In the absence of motion, this
distance has a sinusoidal dependence on φ and varies from 2.7the left is shown the dipolar coupling vector between adjacent carbonyl carbons
ngular relationship between the 13C′ CSAs and the φ, ψ torsion angles.
Fig. 2. Pulse sequence diagram for the DQ DRAWS experiment. The DQ
coherence is created before the t1 period, allowed to evolve during t1, and then
converted back to observable signal after t1. For DQ buildup curves, t1 is held to
zero and n is incremented from 1 to 10. In the 2D-DQ DRAWS experiment, n is
held fixed (usually between 4 and 6) and t1 is incremented to yield a 2D data set.
R is the basic DRAWS pulse block and represents R with all pulse phases shifted
by π. A 16-step phase cycle is used to select the DQ coherence pathway.
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the amount of signal as a function of the length of time the pulse
sequence is applied, a double quantum buildup curve is
generated. Theoretical double quantum buildup curves are
then generated using numerical methods which incorporate the
experimental parameters and the chemical shift anisotropies ofFig. 3. CPMAS (top) and DQ-filtered (bottom) spectra for M2-L10, L11 in 3:1:1 PO
background in the carbonyl/aromatic region of the CPMAS spectrum is due to A
background (+), and lipid background (#) are indicated in the CPMAS spectrum.the spins under observation[70] and compared to experimental
data. This measurement has the advantages of being only
dependent on a single torsion angle and being independent of
the orientation of the peptide. Using this approach distances
between C′ atoms in peptide helices can be measured with an
accuracy of ±0.03 Å, typically corresponding to an accuracy
of ±4° for the torsion angle φ [67].
While measuring distances between adjacent carbonyl
carbons can distinguish between classes of secondary structures
(i.e. typical α-helices, ϕ=−65°, versus β-sheets, ϕ=−120°),
determining more subtle variations in secondary structures
requires knowing both φ and ψ torsion angles. To accomplish
this, one can let the double quantum state of the 13C′spins
evolve; the evolution of the double quantum state will be
dependent on the vector sum of their CSAs [61,62,68]. The
orientation of an individual 13C′ CSA relative to the amide
plane it lies in is well known (Fig. 1; [71–73]). Assuming the
torsion angle ω is close to 180°, as is typical for peptides,
variations in the sum CSA tensor are solely dependent on the
principal values of the CSAs and the torsion angles φ and ψ.
This evolution of the DQ state can be numerically simulated;
assuming canonical bond lengths and angles, standard orienta-
tions of the 13C′ CSAs relative to the amide planes, and a
torsion angle φ determined from the distance between the 13C′
atoms, the torsion angle ψ can be fit with an accuracy of ap-
proximately ±5° for peptide helices [67].
In this study, we focus on the middle portion of M2, namely
residues V9 to A12, to develop a high resolution model of the
putative hinge region and to determine if a change in membranePC:DOPA:Chol at a 1:33 peptide:lipid ratio. The significant natural abundance
urum rotor endcaps. Spinning sidebands for the labeled positions (⁎), rotor
Table 1
Results of NMRmeasurements for M2 peptides 13C′-enriched at adjacent amino
acids as indicated
13C′
Labels
Lipid
environment
δiso
a
(ppm)
Distance b
(Å)
ϕ c
(deg)
ψ d
(deg)
V9,
L10
3:1:1
POPC:DOPA:Chol
171.9 (1.2) 3.48 (0.02) −118 (3) −68 (5)
30 (5)
119 (3)
DMPC 3.48 (0.06) −118 (9) −69 (9)
19 (6)
129 (7)
L10,
L11
3:1:1
POPC:DOPA:Chol
173.0 (0.4) 3.37 (0.01) −103 (2) −83 (5)
3 (11)
135 (4)
DMPC 3.43 (0.02) −111 (3) −72 (5)
4 (9)
134 (6)
L11,
A12
3:1:1
POPC:DOPA:Chol
173.5 (0.8) 3.46 (0.03) −114 (4) −114 (8)
4 (7)
155 (7)
DMPC 3.45 (0.03) −113 (4) −63 (10)
−3 (14)
108 (10)
178 (20)
Standard deviations for the measurements are given in parentheses. Recoupling
experiments used samples with peptide:lipid ratios of 1:30 and were done at
−30 °C.
a Average chemical shifts for two enriched carbonyl carbons; little change in
chemical shift was seen between the two lipid environments.
b From DQ buildup experiment.
c ϕ determined based on 13C′(i)→13C′(i+1) distance.
d ψ determined by fitting 2D DQCSA data with ϕ held to DQbuildup value
and ψ freely varied.
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sensitive to conformational heterogeneity as either a statistical
distribution of conformations or as two distinct conformations
[51], an important consideration for the posited role of these
residues in ion channel gating. Using these measurements, any
changes in conformation and their thermodynamic equilibria as
a function of cholesterol content will be apparent.
2. Materials and methods
2.1. Synthesis of M2
M2 (EKMSTAISVLLAQAVFLLLTSQR) peptides were synthesized via
automated solid-phase peptide synthesis on a Wang resin (ABI 430, ICBR, UF).
For each isotopically enriched sample, pairs of 13C′-enriched amino acids were
purchased (CIL, Andover, MA) and fmoc-protected prior to incorporation into
the peptides. The peptides were cleaved from the resin with 90% TFA/5%
triisopropyl-silane/5% water and ether precipitated. The crude product was
purified by RP-HPLC using an acetonitrile/water gradient and purity was
verified by mass-spectrometry.
2.2. ssNMR sample preparation
M2 was dissolved in MeOH and the methanol solution was added to
chloroform solutions of lipids purchased from AvantiPolar Lipids (Alabaster,
AL). Two separate lipid compositions were used: pure DMPC and 3:1:1 POPC:
DOPA:Chol. A series of samples comprised of ∼30 mg lipid and with final
peptide to lipid ratios ranging from ∼1:100 to 1:30 were made. The mixtures of
peptide and lipids were dried under N2 and the peptide/lipid film was dissolved
in cyclohexane and lyophilized overnight. Buffer containing 5 mM HEPES, pH
7.4, and 140 mM NaCl was added to each sample and samples were then
subjected to 3–5 freeze–thaw cycles to form MLVs. MLVs were pelleted and
evaluated by ssNMR before and after freezing and/or drying of the sample to
remove dynamics. We have shown previously that these preparations result in
functional ion channels. [74,75].
2.3. NMR spectroscopy
Measurements on all samples were carried out on a 500 MHz Bruker DRX
spectrometer; a doubly-tuned 4 mm MAS probe (Doty Scientific; Columbia,
South Carolina) was employed. Experiments were performed at room
temperature and −30 °C. To ensure high homogeneity in the applied RF field,
samples were confined to the innermost 5 mm of the rotor. CP/MAS spectra
were collected using a 2 ms cross polarization contact time with a 50% ramp on
the proton channel and 110 kHz 1H SPINAL decoupling during acquisition.
Each transient was collected with a sweep width of 50 kHz and 20 ms of
acquisition (1024 points). For the DQ DRAWS experiments (Fig. 2), the 13C RF
power was set to yield a B1 field of 42.5 kHz and the rotor period equaled 8.5 RF
periods, or 200 μs (5000 Hz MAS). The DQ buildup and 2D-DQ experiments
were performed in triplicate with 2k transients per point. 2D DQ spectra were
collected over 1.1 rotor periods in t1 at 5 μs intervals. For all experiments, a
recycle delay of 3–4 s was employed.
2.4. Data analysis
Principal values of the chemical shift tensors of the 13C′ spins in each sample
were calculated based on the isotropic chemical shifts in DQ filtered spectra;
these principal values were input in the simulations of the corresponding DQ
experiments for each sample. Distances between adjacent 13C′ spins were
determined by a least squares fit of DQ buildup curves to numerical simulations.
In these simulations, the single quantum relaxation values were held at 50 Hz
based on an independent measurement of a typical 13C′ T2 at the RF fields used
in these experiments. The only parameter varied in the simulations was the
distance between the two atoms (see comments below regarding iterative
fitting). The torsion angle ϕ, assumed negative, was calculated using theinteratomic distance and canonical values of peptide bond lengths and bond
angles [76].
Relative orientations between 13C′ spins as well as with the dipolar coupling
interaction were calculated by orienting each individual 13C′ CSA relative to its
respective amide bond, setting the ω torsion angle to 180°, setting the ϕ torsion
angle to the value obtained by fitting the DQ buildup data, and varying the ψ
angle in 2° increments over the accessible space (+180° to −180°). The CSAs
were oriented relative to the peptide amide bonds with δ11 and δ22 lying in the
peptide plane and δ33 orthogonal to them and assuming δ11 lies at an angle of
39° relative to the C–N bond [71–73]. Numerical simulations of the 2D DQ
evolution were computed and χ2 maps were generated by comparing the
experimental and simulated t1 data. The second derivative of the χ
2 map at all
local minima was used to determine the most probable ψ angles and their
standard deviation.
2.5. Computer simulation
Simulations incorporating full, time-dependent density matrix equations
were performed using SIMPSON [70] and compiled Matlab codes. These
calculations incorporate finite pulses, the magic angle spinning speed, frequency
offsets, individual CSA principle values, and relative orientations of the CSAs
and the dipolar coupling vector. Fits of the DQbuildup data and 2DDQ evolution
data were done iteratively. First, the distance between the 13C′ atoms was
determined using simulations in which the ϕ,ψ torsion angles were assumed (at
this point, distances usually fit within 0.02 Å of their final values). This distance
was used to fit an approximate value for the torsion angle ϕ. This torsion angle
was then input with the full range of ψ values (−180°→+180°) into the 2D DQ
simulations to find a rough fit of the data. Once theseϕ and ψwere estimated, the
DQ buildup data was resimulated using these torsion angles to orient the CSA
and dipolar coupling tensors in order to determine the best fit for the torsion angle
ϕ. Using this value of ϕ and the full range of ψ torsion angles, a series of 2D DQ
Fig. 4. Experimental (points) and simulated (lines) DQ-DRAWS buildup curves
for the M2-L10, L11 reconstituted in DMPC ( ), and 3:1:1 POPC:DOPA:Chol
( ). The normalized signal is plotted as a function of mixing time (one period is
800 μs). The experimentally determined values of ϕ are given in Table 1. Solid
lines are the best fit simulations after iterative fitting of the torsion angles.
Also shown are simulations for a common α-helix (ϕ=−65°, - - -) and a
common β-sheet (ϕ=−120°, – – –).
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determine ψ.
3. Results
3.1. CSA measurements
Results for the measurements of 13C′ chemical shifts are
presented in Table 1. Chemical shifts were referenced relative
to neat TMS under MAS (2.0 ppm [77]). Previous studies on
enzymes in solution[78] and transmembrane peptides in
membranes [79] have shown that flash freezing of samples
by plunging them into liquid propane followed by lyophiliza-
tion is an effective method for freezing samples without
destroying their structural integrity. This method of sample
preparation has also proven effective in cryoelectron micros-Fig. 5. Left: experimental 2D DQ t1 data for M2-V9, L10 in 3:1:1 POPC:DOPA:Chol
as a function of the torsion angle ψ.copy studies. By comparing the isotropic chemical shifts before
and after flash freezing and/or drying, we verified the integrity
of the M2 samples and determined that the isotropic chemical
shifts of the 13C′ spins were unchanged after this treatment. We
also determined that for peptide:lipid ratios of ∼1:100 to 1:30
in the two lipid environments studied the isotropic 13C′
chemical shifts were the same within the errors of the mea-
surements (data not shown). CSA principal values were
calculated based on well-established relationships between
the isotropic chemical shift and principle values [80]. As δiso
varies with amino acid sequence, backbone conformation and
hydrogen-bond length, the δ22 element is most affected;
however, smaller, linear dependencies of δ11 and δ33 with δiso
are also seen [67]. Example CPMAS and DQ-filtered spectra
are shown in Fig. 3.
3.2. Double quantum buildup experiments
All DQ buildup experiments qualitatively matched simulated
curves for single values of ϕ. The standard deviations were
determined by taking the 2nd derivative of the χ2 plots
determined by comparing experimental data with simulations
for different values of ϕ. Experimental data and simulations for
M2 labeled at the L10, L11 positions and reconstituted in
DMPC and 3:1:1 POPC:DOPA:Chol are shown in Fig. 4.
Also shown are expected curves for a typical α−helix, a typical
β-sheet, and a mixture of conformations. Results of the DQ
buildup experiments for all samples are listed in Table 1. Only
small changes were seen in the torsion angle ϕ with changes in
lipid environment. Data are consistent with a single conforma-
tion of a family of conformers having only small changes in ϕ.
Neither chemical shift spectral linewidths nor the buildup data
indicate a broad range of conformations.
3.3. 2D-DQ experiments
Spectra were numerically simulated over a range of ψ torsion
angles while holding ϕ at values determined by DQ buildupand best fit simulation. Right: χ2 analysis of 2D DQ simulations and experiment
Fig. 6. Comparison of M2δ helices beginning with the cryo-EM model (left;
PDB 1OED). In the middle model, torsion angles at positions L10, L11, and A12
have been replaced with results obtained for samples of M2 in DMPC. In the
model on the right, torsion angles at positions L10, L11, and A12 are based on
measurements of M2 samples in 3:1:1 POPC:DOPA:Chol. Shown are views
looking down the helix axis from the C-terminus and side views with the C-
terminus of the helix placed at the top, consistent with the EM model of the full
receptor.
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the results tabulated in Table 1. For each of the samples, three to
four values of ψ yielded 2D DQ evolution behavior consistent
with the experimental data. In all these cases, a single local
conformation was sufficient to fit the experimental data.
Experimental t1 data along with best fit simulations are shown
in Fig. 5 for M2 labeled at the L10, L11 positions and
reconstituted in 3:1:1 POPC:DOPA:Chol.
4. Discussion
Several structural models of the M2 segments forming an ion
channel, either alone or as part of nAChR have been developed.
These models are based on cryo-EM data for intact nAChR
([18]; PDB 1OED) and NMR data for M2 peptides reconstituted
in DPC micelles ([34]; PDB 1A11) or DMPC ([35]; PDB
1EQ8). Due to the low resolution of the experimental data, these
models utilize backbone torsion angles throughout the M2
domain which are consistent with typical α-helices, i.e.
ϕ∼−65° and ψ∼−40°. Additionally, computational studies
have also generated potential structures and examined inter-
helical packing interactions [81]. Analyses of these models have
focused on the relative orientations of the helices, both in terms
of how the helices might tilt relative to the membrane normal
and how helix rotation would affect which residues in M2
would be facing the ion channel pore or would be important for
packing of the helices in a self-assembled pentamer.
Nonetheless, early mutagenesis studies and sequence
comparisons pointed to the importance of leucine 11 in thefunction of the ion channel [21]. Images obtained by cryo-EM
suggest that the M2 helices are kinked in the vicinity of this
residue and that it plays a key role in preventing ion conduction
in the closed state [18]. A molecular dynamics simulation based
on earlier cryo-EM studies [16,17] led to a model of the closed
state in which there is a significant distortion of the α-helical
backbone at this position [1]. Distortion of the helix in the
closed state has considerable consequences for whether
surrounding residues line the pore of the channel or are
involved in interhelical contacts. Finally, while the ssNMR data
obtained for M2 in DMPC are consistent with M2 forming a
helix, several of the crosspeaks in the 2D PISEMA spectrum
deviate from ideal behavior for an α-helix. These deviations
could be due to either variations in the magnitudes or
orientations of 15N CSA tensor elements [82], deviations in
1H–15N dipolar couplings, or local distortion in the backbone
conformation of the peptide.
Our measurements clearly support a model in which a kink
near the middle of the M2 helices is due to distortions in the
peptide backbone torsion angles at positions L10, L11, and A12
relative to a classic α-helical conformation. For all three labeled
samples, in either lipid environment, the measured ϕ torsion
angles of −103° to −118° are consistent with either a distorted
helix or a β-sheet type conformation. Unfortunately, for ϕ
angles in the range of −95° to −125° and the quality of data
obtainable for low S/N samples, fits of 2D DQ data can lead to
more than one possible solution for ψ[67]. This is a direct
consequence of how the sum CSA tensor in the DQ state varies
with the backbone torsion angles. Nonetheless, our 2D DQ data
are able to significantly constrain the possible ψ torsion angles
for the positions examined. Two of the three possible ψ torsion
angles for positions L10 and L11 are consistent with a distorted
helix as are two of the four possibilities for A12. The other
possible solutions are consistent with β-sheet type conforma-
tions. However, given the chemical shifts observed for these
samples, a distorted helix is the more likely conformation. Two
possibilities exist for the distorted helix conformation-ψ values
of −63° to −83° or ψ values of −3° to 30°. The former values
show good agreement with values predicted by molecular
dynamics simulations [1]. However, the latter values are in
agreement with the measured chemical shifts and would also
yield a structure consistent with the model of the M2 helix
having a kink in themiddle. Shown in Fig. 6 is a model of theM2
helix using the coordinates from the cryo-EM PDB deposition
(1OED) along with models showing how the helix would be
altered if the torsion angles for positions L10, L11, andA12were
altered to reflect the ssNMR measurements in DMPC (L10:
−118, 19; L11: −111, 4; A12: −113, −3) or 3:1:1 POPC:DOPA:
Chol (L10: −118, 30; L11: −103,3; A12: −114, 4). This model
suggests that M2 may fall into a category of transmembrane
helices with distinctive bends or kinks, as have been noted in
more recent surveys of structures of helical transmembrane
proteins.{Riek, 2001 #6} However, it is possible that other
residues in the helix do not have common α-helical torsion
angles either; measurements for other residues are ongoing.
In conclusion, our measurements show that there are some
differences in the backbone conformation of M2 at positions
2968 J.R. Long et al. / Biochimica et Biophysica Acta 1768 (2007) 2961–2970L10, L11, and A12 as the lipid environment is changed. More
importantly, the backbone torsion angles at these positions
deviate substantially from average α-helix conformations
(−65°,−45°), yet fall into an energetically favorable region of
the Ramachandran plot [83]. Further measurements and
computer simulations should be able to determine which of the
three possible ψ values for each of these positions is the correct
one. These results indicate that modeling of transmembrane
helices simply as classic α-helices is insufficient. High-
resolution structural measurements of backbone torsion angles
in transmembrane helices are important for refining structures of
membrane proteins and for modeling their functional mechan-
isms, especially in the context of their native environments.
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